Objective: Per-implantitis is one of the implant treatment complications. Dentists have failed to restore damaged periodontium by using conventional therapies. Tissue engineering (stem cells, scaffold and growth factors) aims to reconstruct natural tissues. The paper aimed to isolate both periodontal ligament stem cells (PDLSCs) and bone marrow mesenchymal stem cells (BMMSCs) and use them in a co-culture method to create three-layered cell sheets for reconstructing natural periodontal ligament (PDL) tissue. Materials and methods: BMMSCs were isolated from rabbit tibia and femur, and PDLSC culture was established from the lower right incisor. The cells were co-cultured to induce BMMSC differentiation into PDL cells. Cell morphology, stem cells and PDL-specific markers (CD90, CD34, and periostin) were also detected using immunofluorescent assay. Co-cultured cell monolayers were detached using temperatureresponsive tissue culture dishes and collagen graft to create the three-layer construct. The 3D-engineered tissue was examined histologically and by field emission scanning electron microscopy (FESEM). Results: BMMSCs co-cultured with PDLSCs successfully induced more PDL cells. The newly induced PDL cells exhibited periostin and CD90 expression. Fluorescence green intensity was measured for the cocultured cells that were stained with periostin, the mean fluorescence green intensity (periostin expression) was significantly higher for the newly induced PDL cells after 1, 2, and 3 weeks when compared with control (BM-MSCs), at 21 days non-significant difference was measured when compared with control (PDLSCs). The results showed the successful formation of 3D multilayer PDL tissue. Histological cross-section showed cell sheets and the stable adhesion between them. FESEM examination was conducted for the cross-section, showing three-layered cell sheets with stable adhesion between cells. Conclusions: The results of this paper report that the three layered-cell sheets were successfully constructed by the novel use of collagen graft as a scaffold to be used in treatment of periodontitis and to envelop the dental implants to create biohybrid implant.
Introduction
Periodontitis is a common infection of oral disease in adults and is the main reason for distraction of tooth support, leading to tooth loss. Dentists have failed to restore damaged periodontium by using conventional therapies. Tissue engineering aims to reconstruct natural tissues [1] . Periodontal ligament (PDL) "is a specialized soft connective tissue that connected the tooth root surface with alveolar bone socket," and it consists of different cell populations, including endothelial cells, fibroblasts, epithelial cells, osteoblasts, the rest of Malassez and cementoblasts [2] . In addition, the PDL contains multipotent stem cells (undifferentiated mesenchymal cells) that can differentiate into mesenchyme linages, including PDL derived from the cranial neural crest [3] . Mesenchymal stem cells (MSCs) were isolated from PDL and named PDLSCs, which were identified and found to generate specific attachments of the tooth PDL-like complex in mice; after this discovery, numerous clinical attempts were performed on animals and humans [4] . PDLSCs play an essential role in periodontal tissue regeneration in animal and human models [5] and can use the PDL as stem cell source [6] . Compared with other MSC-like populations, PDLSCs possess unique properties, including their ability to form cementum, alveolar bone, Sharpey's fibers and to undergo self-renewal [7] . However, various problems are associated with isolation of PDLSCs; these problems include the risk of tumorigenesis, contamination and vulnerable of stem cell condition due to donor quality [8] . In addition, limitations in the number of stem cells; the small cell numbers (average 1250 cells) are yielded from the primary cultures of PDLSCs, that is not enough to generate cells sheet for periodontal ligament, which needs at least 4 Â 10 6 cells [9, 10] . PDLSC transplantation was found to be an excellent solution to the limitations of PDLSC autologous transplantation [11] . Bone marrow MSCs (BMMSCs) can differentiate into numerous types of cells [12, 13] . These stem cells were used successfully for in vivo and in vitro studies, leading to their clinical use in primary studies for clinical trials and therapies [14] . BMMSCs, PDLSCs and alveolar periosteal cells can simulate periodontal regeneration. Complete regeneration is formed by tissue engineering, which is the combination of these stem cells and scaffold; other types of multipotent MSCs have been used in clinical trials for periodontal regeneration [15, 16] . The paper aimed to isolate both periodontal ligament stem cells (PDLSCs) and bone marrow mesenchymal stem cells (BMMSCs) and use them in a coculture method to create three-layered cell sheets for reconstructing natural periodontal ligament (PDL) tissue.
Materials and methods

Animal and sample collection
This study was approved by the Iraqi Center for Cancer and Medical Genetics Research (ICCMGR)/Mustansiriyah University.
The rabbits were housed in an animal house under standard conditions and with free access to a regular supply of soft food and water. MSCs were gathered from femur and tibia of New Zealand white male rabbits at age of 3e6 weeks, whereas PDLSCs were obtained from the periodontal ligament of lower incisor teeth of rabbits. All work was performed under sterilised conditions.
Isolation of BM-MSCs
The work was conducted under general anaesthesia by intramuscular injection according to the weight of each animal (ketamine 10%, 0.35 ml/kg; Kepro, Holland) and xylazine 20%, 0.5 ml/kg, Kepro, Holland) at the back of the leg. Less than 15 min was the needed time to achieve anesthesia [17] . The right limb of the rabbit was shaved, and the skin was cleaned with alcohol and iodine. Skin incision was performed by using a sharp blade to expose the muscle, which was then dissected to expose the femur and tibia. Handpiece and surgical drills (1 mm; SAEYANG/Korea) were used to create a hole in the tibia and femur with irrigation using normal saline. About 2e3 ml of bone marrow was aspirated immediately by using a syringe (20 ml with an 18-gauge cannula), as shown in Fig. 1 .
The aspirated bone marrow was placed in a sterile test tube (15 ml). Then, free minimum essential medium (MEM) (Capricorn Scientific, Germany) was added to the test tube, which was shaken until homogeneity of the solution. Then, the test tube was centrifuged (1500 rpm for 10 min at 18 C). The supernatant was removed to separate the red blood cells (RBCs) and cell debris. The pellet was further purified from the remaining RBCs by adding RBC lysis buffer at room temperature and centrifuging again for 5 min. The supernatant was removed, and 8e10 ml of total culturing MEM supplemented with L-glutamine, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer, 20% foetal bovine serum (FBS) (Capricorn Scientific, Germany), 100 U/ml ampicillin, 100 mg/ ml amphotericin B and 100 mg/ml of streptomycin (Capricorn Scientific, Germany) was added to the test tube. The large bone Fig. 1 . Isolation of bone marrow: A) expose the femur, B) prepare a hole in the tibia, C) Bone marrow was aspirated by needle (20 ml with an 18-gauge cannula). marrow cores were dispersed in the cell suspension by pipetting [18] .
Finally, the suspension was added to the tissue culture disk (falcon T-75 cm 2 ) and incubated at 37 C in humidified 95% air and 5% CO 2 incubator. After 24 h, the cells adhered, and the MEM containing 20% FBS was changed to remove non-adherent cells [19] . The medium was replaced every 72 h, and the remaining nonadherent cells were removed until the cultures achieved semiconfluence of adherent cells to form a cell monolayer after 18e20 days. To reach passage 1 (P1) and P2, whose cells were used for experiments, on day 20, the MSCs were trypsinised and subcultured at about 90% confluence. In the next 5e6 days, P1 proliferated and showed semiconfluence of adherent cells forming cell monolayers.
Isolation of PDLSCs
Under sterilised condition, the lower right incisor from each animal was extracted; dental extraction was performed as follows:
Intramuscular and infiltration techniques were performed with induction by general and local anaesthesia by ketamine 10%, xylazine 20% and local anaesthetic (lidocaine HCL 2%, Septodont/ France) to control the bleeding.
A small root-tip pick elevator was inserted carefully between the tooth and bone mesially to subluxate the tooth (Fig. 2) . Then, a small mosquito forceps was used for extraction with rocking movement, with no rotational movement due to curvature and relative brittleness of the tooth as illustrated in Fig. 2 . After dental extraction, the animal was injected with 0.5 ml/kg penicillin (Kepro, Holland) for 3 days, and dental care solution 1:50 (Zahnpflege Wasser, Germany) was added to the drinking water of rabbits 1 day before and 3 days after extraction to exclude any infection. The extracted teeth were subjected instantly to transport media at 4 C.
Lower incisors teeth were rinsed thrice for 3 min with phosphate-buffered saline (PBS) containing 100 mg/ml amphotericin, 100 mg/ml streptomycin and 100 U/penicillin. Teeth roots were scraped using a surgical scalpel to collect the PDL inside the test tube. Then, the PDL was dispersed with 0.75 mg/ml collagenase I (USBiological, USA) in total culturing MEM for 8 h at 37 C with shaking to obtain a single cell suspension (Fig. 3) . The suspension was then centrifuged at 1000 rpm for 5 min at 18 C. The medium was discarded and replaced with a new of 8e10 ml complete MEM. PDL cells were dispersed in the cell suspension by pipetting. Finally, the suspension was added to tissue culture T-75 cm 2 flask and incubated at 37 C in humidified 95% air and 5% CO 2 incubator. After incubation of PDL, cells were allowed to adhere, and nonadherent cells were removed by changing the medium after five days. The medium used was MEM containing 20% FBS, 100 mg/ml ascorbic acid (USBiological, USA) [20] and 12.5 ng/ml fibroblast growth factor (FGF2; USBiological, USA), which were added freshly with each change. The medium was changed every 72 h, and the remaining non-adherent cells were removed until the cultures became semiconfluent with adherent cells to form cell monolayer after three weeks of culturing. On day 21, the PDLSCs were trypsinised and subcultured at about 80%e90% confluence. For the following week, P1 proliferated and achieved semiconfluence of adherent cells forming cell monolayers.
Immunophenotypic analysis
Immunophenotypic analysis of BM-MSCs
Cultured MSCs were seeded at 5 Â 10 5 cells into the tissue culture slide chamber in MEM with 20% FBS and incubated at 37 C for 1e2 days. Then, the cells were tested for the presence of CD90 as positive marker and CD34 as negative marker to examine the mesenchymal phenotype by immunofluorescence assay according to manufacturer's instructions: Cold acetone was used to fix the cells for 2 min and left to dry. Then, the cells were washed thrice with PBS for 5 min. The slides were incubated with 4% blocking reagent (Santacruz Biotechnology, USA) for 1 h to block nonspecific binding and then washed thrice with PBS for 5 min. Afterward, the cells were stained with primary antibodies diluted at 1:100 by CD90 Thy1.1 (USBiological, USA) and CD 34 (Santacruz Biotechnology, USA) and incubated for 2 h at room temperature. Then, the cells were washed thrice with PBS for 5 min each wash. A fluorophore-conjugated secondary antibody (fluorescein isothiocyanate) (Santacruz, Biotechnology, USA) was incubated for 2 h at room temperature in the dark chamber. The conjugated antibody was prepared by diluting at 1:50 (6 mg secondary antibody with 300 ml blocking reagent). The secondary antibody was washed thrice with PBS for 5 min. Control cells were stained with secondary antibody only. Cover slips were mounted on a microscopic slide using glycerine 50% with PBS 50% and then examined using an inverted fluorescence microscope (Leica, Germany) in a dark room. The results were calculated by measuring the mean of fluorescence intensity (green colour of expression) by using program imageJ version 1.47(National institutes of health, Bethesda, MD, USA). In this program the images were converted to histograms by showing the number of pixels of each value, regardless of location, and the mean and maximum value [21, 22] .
Immunophenotypic analysis of PDLSCs
PDLSCs were seeded at 5 Â 10 5 cells in four tissue culture chambers (control cells stained only with secondary antibody (periostin (Santacruz Biotechnology, USA) as positive marker, CD90 as positive marker and CD34 as negative marker) in MEM with 20% FBS and incubated at 37 C for 1e2 days. Then, the cells were prepared as described in section 2.2.1.
Morphological study
Haematoxylin and eosin (H&E) staining was used for morphological study. Each BM-MSC and PDLSC was cultured on the cover slide in six-well tissue culture plate at 5 
Co-culturing method for BMMSC differentiation into PDL cells
Both of PDLSCs and BMMSCs at the 7th day of P2, were cultured together in 75 cm 2 cell culture dishes, at a density of 5 Â 10 5 cells/ ml for each cell type (Fig. 4A) , with MEM containing 20% FBS, 100 mg/ml ascorbic acid and FGF2 (12.5 ng/ml), which was added freshly with each change. The medium was changed every 3 days. Then, the co-cultured cells were examined for phenotype identification after 1, 2 and 3 weeks.
Cell sheet engineering (transfer of layered cell sheets)
Cell monolayers were detached using temperature-responsive tissue culture dishes (Nunc UpCell Surface, USA) with collagen graft (GENOSS, Korea CSD2030) to form 3D tissue models. At P3 to P7, the co-cultured cells were seeded on 3.5 mm diameter temperatureresponsive dishes (3 dishes) at a cell density of 5 Â 10 4 cells per dish for 1 week at 37 C in humidified 95% air and 5% CO 2 incubator. After the confluent layer was obtained in each dish (Fig. 4C) , the medium was aspirated from the first dish; to support the cell layer, the collagen graft membrane (1 mm thickness) was placed on the top of the cell layer, thus gently avoiding air bubbles and creases between the cell layer and collagen graft membrane. A total of 50 ml medium was added to prevent drying of cells, and the dish was placed at 20 Ce25 C for 40 min (detachment time for first co-culture layer from the dish) to allow harvesting. Afterward, the collagen graft membrane was gently grasped with sterilised tweezers and withdrawn (with first layered cell sheet) from the dish (Fig. 4D) . Medium was aspirated from the second dish, and the collagen graft membrane (with first layered cell sheet facing downward) was transferred to the second temperature-responsive tissue culture dish, gently placed on the top of the second cell layer and left undisturbed at 37 C for 1 h to allow stable adhesion between cells. Then, the second dish was placed at 20 Ce25 C for 40 min (detachment time of twolayered cell sheets from the dish). The collagen graft membrane was gently grasped with sterilised tweezers and withdrawn (with twolayered cell sheets) from the dish. The collagen graft membrane was transferred (with two-layered cell sheets facing downward) to the third temperature-response tissue culture dish and was placed on the top of the third cell layer gently and left undisturbed at 37 C for 1 h to allow for good adhesion between cell layers. Afterward, the third dish was placed at 20 Ce25 C for 40 min (detachment time for three-layered cell sheets from the dish), and the constructs comprising collagen graft and three-layered cell sheets were harvested from the dishes, as illustrated in Fig. 4B . Cross-section of the construct was processed for histological assessment of the sheets and cell adhesion. Topography was assessed using field emission scanning electron microscopy (FESEM).
Results
Isolation of BMMSCs
The primary culture of BMMSCs showed that cells sparsely attached to the plastic culture flasks after 24 h and formed adherent cells that were round and oval-shaped (representing MSCs) (Fig. 5A and B) . Non-adherent cells (which represent hematopoietic cells, erythrocyte cells and cells debris) were discarded by changing the first medium after 24 h. Starting from the 2nd until the 9th day, the adherent cells proliferated, forming a small polygonal, star and spindle-shaped cells (Fig. 5CeF) . As the cells continually grew and became elongated spindle-shaped, colonies gradually expanded in size with adjacent ones interconnecting with each other (Fig. 5G and H) at 15 and 18 days ( Fig. 5I and J) , at which the monolayer was formed.
Isolation of PDLSCs
The primary culture showed small, rounded, single-cluster cells (Fig. 6A and B) . After five days of culture, small colonies of adherent, spindle-shaped cells (which represent PDLSCs) were observed ( Fig. 6C and D) . The medium was changed to remove nonadherent cells. After 8e20 days, the adherent cells proliferated and migrated, showing a fibroblast-like a spindle shape (Fig. 6EeH) . Colony size ranged from 0.25 mm to 4 mm in diameter, reaching 80% confluency by 20e22 days (Fig. 6I and J).
Morphological study
BMMSCs feature a round and large nucleus (25e30 mm in diameter) with a prominent nucleolus that is contoured by sublimely chromatin particles, allowing the nucleus to achieve a clear appearance. The cells are long and thin (80e100 m), as shown in Fig. 7AeD . The PDL cells showed a more elongated spindle-shaped (90e140 m) compared with BMMSCs (Fig. 7EeH) . 
Expression of stem cell markers in BM-MSCs
Immunofluorescence analysis revealed that more than 90% of BM-MSC-adherent cells were strongly stained with green fluorescence and were positive for CD90. On the other hand, the majority of BM-MSC-adherent cells were negative and showed no expression for CD34 (Fig. 8AeC) .
Expression of stem cell markers in PDLSCs
Immunofluorescence phenotyping of cultured PDLSCs showed that 80% and 95% of cells were stained positively for CD90 and periostin, respectively. By contrast, the majority of the PDLSCadherent cells showed a negative expression for CD34 (Fig. 8DeG) .
BMMSC differentiation into PDL cells through co-culturing method
BMMSCs and PDLSCs were co-cultured at a constant ratio. Bonemarrow stem cells alone and PDLSCs alone were used as controls ( Fig. 9A and B, respectively) . The BMMSCs proliferated and dominated at day 5 of co-culturing, with fewer PDLSCs being observed (Fig. 9C) . After 10 days, the PDL cells became more prominent (Fig. 9D) . By day 15, the spindle-like shape PDL cells were the most observed cell type with few BMSCs in the field of vision (Fig. 9E) . After 20 days of co-culturing, nearly all cells featured the PDL cell morphology with hardly detectable BMMSCs (Fig. 9F) . The differentiated co-cultured cells were further analysed by immunofluorescence assay for PDL cell markers, revealing that BMMSCs showed no expression for periostin before the co-culture (Fig. 10A) , whereas PDL cells indicated 100% expression (Fig. 10B) . After 1 week of coculturing, more than 45% of adherent cells were stained positive for periostin (Fig. 10C) which is significantly different when compared with the control. The percentage of stained cells increased with time, reaching about 65% in the second week (Fig. 10D) which is significantly different when compared with the control, and continually rising until day 21; the final expression reached more than 90% (Fig. 10E) statistically, a non-significant different when compared with the control PDLSCs. This finding implies that the BMMSCs differentiated into PDL cells under the effect of PDLSCs in MEM containing 20% FBS, ascorbic acid and FGF2. Co-culture method was successful in inducing BMMSCs into PDL cells as most of the adherent cells were stained positive for periostin and the cells morphology resembled the PDLSCs at the end of the culture period, This might be due to the soluble factors secreted by certain type of cells such as PDL cells, could diffuse into the medium and induce differentiation on other cell types, such as BMMSCs this result in agreement with [23, 24] who found that the co-culture technique is a novel method for clinical periodontium regeneration.
Evaluation of three cell layers
Histologically, photomicrographs of H&E-stained cross-section showed Three-layered constituted a 3D construct (cell sheets) and stable adhesion between them ( Fig. 11A and B, respectively) . FESEM was performed to examine the cross section of collagen graft at different magnifications, indicating a porous scaffold that can support cells for tissue-like construct (Fig. 11C and D) . Engineered tissue composed of layered cell sheets showed the three layers with stable adhesion between sheets (Fig. 11E) . At higher magnifications, the cells attached to each other between sheets (Fig. 11F ).
Discussion
Tissue-engineering methods using biomaterial scaffolds, in combination with in vitro-cultured cells that can replace damaged tissues and inserted to affected sites, have been suggested as novel substitutions to current therapies [25] . Rabbit BMMSCs were successfully isolated and characterised and then expanded to induce differentiation into PDL cells through coculturing method. The morphological characteristics of MSCs were previously described by other researchers [19, 26] . BMMSCs feature numerous advantages, such as availabilty with easy manipulation, low risk of tumorigenicity and ability to differentiate into numerous types of cells and be used successfully in applications [14] . Furthermore, the successful rate of primary culture is greater with type I collagenase than with using trypsin as described by [10] . BM-MSC-adherent cells were strongly positive for CD90, whereas Zomer et al. [27] observed that CD90 expression was lower in rabbit MSCs when compared with human MSCs. In addition, the majority of BM-MSC-adherent cells showed no expression for CD34, which is one of the most important characteristics of MSCs [28, 29] . These results indicate that these cells were MSCs; they were undifferentiated cells or of hematopoietic origin [30] . MSCs (BMMSCs and PDLSCs) must be plastic-adherent and express specific surface antigens. Cells are considered MSCs when they are >95% positive for CD73, D90 (Thy-1), CD105 and CD44; at the same time, they show >95% negative expression for CD14, CD34 and CD45 [31] . Any alterations to surface marker expression of cells indicating phenotypic changes, including loss of multipotency, must be determined. MSC marker expressions and their function act as an indicative tool for cell behavior whether in vitro or clinics [32] . Periostin is an extracellular matrix protein related to the function of PDL [9, 33] ; it is predominantly expressed in PDL rather than other tissues [34] . Loss of this protein causes severe destruction of PDL [35] . Periostin acts as a potential marker for PDLSC identification [33] . PDLSCs were cultured and propagated efficiently, and cells from P2 were used in this study. The morphological features of PDLSCs were reported earlier [36, 37] . According to surface antigen, the phenotypic features of PDLSCs were determined positive for CD90 and periostin and negative for CD34; this result agrees with those of other studies [6, 10] . Co-culturing method was successfully used in inducing BMMSCs into PDL cells in most adherent cells, which were stained positively for periostin and whose morphology resembled that of PDLSCs at the end of culture period. Bai et al. [24] reported co-culturing technique as a novel method for clinical periodontium regeneration. For the coculturing method, we can hypothesise that soluble factors secreted by certain type of cells, such as PDL cells, could diffuse into the medium and induce differentiation into other cell types, such as BMMSCs [23] . The 3D tissue engineering using cocultured cells successfully induced a multilayer tissue that can be used to restore the damaged periodontium for future applications. In this study, fabrication of construct composing threelayered cell sheets and collagen graft as a supporter was done successfully by using temperature responsive culture. This method results in higher cells density without damage cell to cell connection and superior transplantation efficiency more than those isolated by an enzymatic method, similar finding was described by [38, 39] .
Using allogeneic PDLSC is an effective method for periodontal regeneration, whereas PDLSC transplantation is an excellent solution to the limitations of PDLSC autologous transplantation [11] .
Cross-section of 3D construct showed cells sheets and stable adhesion between them. Three layers were chosen to avoid necrosis, this agreed with the work of [20] , and thickness of the 3D construct was set to avoid necrosis. The cross section of collagen graft at different magnifications, indicating a porous scaffold that support cells penetration with surface enhances cells attachment, proliferation, and penetration for tissue-like construct Future work will focus on using this construct in experimental treatment. FESEM images showed sheets and the stable adhesion between them. Under the growth factors and vitamin C, PDLSCs can yield layered cell sheet as the result of increased cell matrix production; the PDLSC sheets showed significant improvement in tissue engineering [20] . The 3D construct can be used to coat titanium dental implants with sintered b-tricalcium phosphate to simulate the normal PDL tissue [40] .
Conclusion
The results of this paper report that the bone marrow and PDL of adult rabbits are ideal sources for isolation and expansion of BMMSCs and PDLSCs and their use in co-culture to increase PDL cells and to produce 3D PDL cell layered sheets by the novel use of collagen graft as a scaffold. Co-culture is a method to overcome the limitations in the number of PDLSCs.
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